Purpose: Nerve root traction injuries induce spinal cord inflammation and lead to neuronal death within days. In the present study, we examined the inflammatory response one week after multiple cervical root transections.
Introduction
Traumatic brachial plexus injury (BPI) occurs in about 4-9% of all upper limb peripheral nerve injuries. Brachial plexus palsy can result from a difficult childbirth and is reported to occur in 0.1-0.4% of live births (Clarke and Curtis, 1995) . Avulsion of one or more cervical nerve roots that forms the brachial plexus constitutes approximately 70% of severe BPI cases (Narakas, 1993) . Injury may vary from axonotmesis to neurotmesis to the avulsion of rootlets from the spinal cord. Although there is no direct physical damage to the spinal cord, cervical root injuries are close to cell bodies and can lead to the dieback of spinal motor and dorsal root ganglion (DRG) neurons (Tandrup et al., 2000; Ma et al., 2001) . Therefore, cervical root injuries are a combination of peripheral nerve and spinal cord injuries. We previously demonstrated, both in the laboratory and in clinical cases, that sensory and motor recoveries can be achieved by repairing transected cervical roots with intercostal nerve grafts and treating the repair site with acidic fibroblast growth factor (aFGF) and fibrin glue (Chuang et al., 2002; Hsu et al., 2004; Lee et al., 2004) . However, in addition to loss of functions, the majority of patients with this type of injury suffer from excruciating pain. In some cases, the pain is so unbearable that patients would give up their existing motor function if it would cure the pain. Unfortunately, despite advances in pharmacology, surgery and physical therapies, there is currently no effective treatment for this type of neuropathic pain.
It is known that tissue injury results in the release of proinflammatory mediators (e.g., cytokines and chemokines) in the acute stage that, if not properly treated, can lead to chronic pain. In addition, some growth factors, such as nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF), have been shown to cause inflammatory reactions and lead to neuropathic pain (Ji et al., 1996; Obata et al., 2004) . It is, therefore, crucial to evaluate whether the combination of nerve grafts and aFGF is beneficial or harmful for patients in terms of the development of neuropathic pain.
The results of our previous studies demonstrate that treatment with either aFGF or nerve grafts alone was not as effective as when these therapies were combined Kuo et al., 2007; Lee et al., 2008) . In the present study, all repair animals received the most effective treatment strategy (i.e., the combination of nerve grafting, aFGF and fibrin glue). Our previous data also showed that there was a limited time window for repair treatment. When the repair was done immediately after the injury, motor and sensory functions had significant recovery. The function can still be recovered when the repair treatment was applied 1 week after the injury. However, if the same repair was delayed for 3 weeks, there was no significant functional recovery despite some successful neuroregeneration ). Since these data indicated that there might be significant difference in the spinal cord before and after the first week of injury, we chose to examine the effects of treatment on day 7.
Materials and methods

Animals
Adult female Sprague-Dawley rats (250 g) were randomly assigned to 3 treatment groups: sham (S), transection (T) or repair (R). Animals were housed in ventilated, humidity-and temperature-controlled rooms with a 12/12-h light/dark cycle. Food and water were provided ad libitum. Animals were maintained according to the Guide for the Care and Use of Labora- 
Surgical procedure
The surgical procedure was performed as reported previously . All animals were anesthetized with halothane (1.5 v/v, 1.5 liters/min to maintain a breathing rate approximately 60 breaths/ min) and placed on a heating pad. Rectal temperatures were monitored during surgery and maintained at no less than 3 • C below normal body temperature.
Animal in the sham group received a vertical incision to expose the spinous processes and laminae of the C2-T1 vertebrae. A left hemilaminectomy of the C5-7 vertebrae was performed. After the dura was opened, the incision was closed.
Animals in the transection group (n = 5) received a hemilaminectomy of the C5-7, as described in the sham group. The left C6-8 cervical roots were identified and the dura was opened. The C6-8 nerve roots were then gently pulled and cut where they exited from the cervical spinal cord; no proximal stump remained.
Animals in the repair group (n = 5) received the same transection procedure described for the transection group. Following transection of the left C6-8 nerve roots, however, three intercostal nerves from T4-6 were harvested from the same animals and preserved in Hanks' solution. Intercostal nerves were cut transversely into two identical segments. Two grafts were used as autografts to repair one root: one graft for the ventral root and a second graft for the dorsal root. One end of the nerve graft was anastomosed to the severed nerve root with a 10-0 prolene suture, while the other end of the intercostal nerve was implanted into the spinal cord through a tiny incision in the pia mater. For the ventral root, grafts were inserted into the ventro-lateral aspect, whereas grafts for the dorsal root were inserted into the dorso-lateral aspect of the spinal cord. Following nerve root grafting, aFGF (10 g) mixed with fibrin glue was applied to the surgical area. The fibrin glue was prepared prior to the application by mixing the fibrinogen with an aprotinin solution. Aprotinin can stabilize fibrin by inhibiting fibrinolysis and therefore allows the slow release of aFGF from the glue cast. This solution was then mixed with thrombin containing calcium chloride and applied to the surgical area to form a glue cast.
Mechanical sensitivity
To quantify the mechanical sensitivity of the limb, von Frey filaments were used to test the frequency of foot withdrawal in response to mechanical stimuli on days 2 and 7 after surgery. The rats were placed on an elevated metal wire mesh floor in a small Lucite cubicle (20 × 8 × 8 cm), and 2 g of von Frey filaments were applied from underneath the wire mesh to the plantar surface of the ipsilateral forelimbs. The frequency of response out of a total of 10 stimuli was recorded. Evaluations were performed by personnel who were blinded to the treatment group of the animal.
Immunohistostaining
One week after the operation, animals were sacrificed and perfused with 4% paraformaldehyde. Cryosections (10 m) were stained using standard immunohistochemistry methods. Briefly, sections were blocked with 2% normal donkey serum (Jackson Immuno-Research, West Grove, PA) and incubated with the following primary antibodies: mouse anti-OX-42 (1 : 100 dilution, Serotec), mouse anti-ED1 (1 : 300, Serotec), goat anti-IBA1 (1 : 200, Abcam), rabbit anti-GFAP (1 : 500 dilution, Chemicon, Temecula, CA), goat anti-IL-1␤ (1 : 500 dilution, R&D), or goat antiarginase I (1 : 250 dilution, Santa Cruz). The following fluorescent secondary antibodies were then applied: Alexa 568 donkey anti-rabbit, Alexa 488 donkey antigoat, Cy3 donkey anti-goat, and Alexa 488 donkey anti-mouse (Jackson Immuno-Research, West Grove, PA). Sections were visualized at 200 × magnification under a Zeiss light (Axioplan 2, Carl Zeiss) or fluorescent microscope (Axioskop 2, Carl Zeiss). One or two sections were selected randomly from each corresponding spinal cord level and a total of 5 sections were selected from each animal. All immunoreactive cells within dorsal horns and ventral horns were counted.
Statistical analysis
The data are expressed as the means ± SD. All data obtained from the mechanical sensitivity and immunohistochemistry experiments were analyzed by one-way ANOVA for multiple group comparisons. Post-hoc analyses were performed with Tukey's multiple comparisons test of the means. Significance was assumed at p < 0.05.
Results
Allodynia behavior
On day 2 after the operation, the results of the mechanical sensitivity test did not differ between treatment groups. On day 7, however, pain sensitivity to mechanical stimuli was significantly increased only in the transection group (Fig. 1). 
IL-1β expression following nerve root injury
The number of IL-1␤ positive cells was significantly higher in the ipsilateral dorsal and ventral horns of the transection group when compared to the repair group (p < 0.05). There was no colocalization of IL-1␤ with either microglia stained with IBA1 or macrophages stained with ED1. However, a large proportion of IL-1␤ expression was associated with astrocytes stained with GFAP (Fig. 2) . IL-1␤ expression was also found in motor neurons, but there were no significant differences among groups (data not shown).
Astrocyte response to nerve root injury
On the ipsilateral side, the number of astrocytes was increased in both the dorsal and ventral horns of the Fig. 1 . Animal responses to the mechanical stimulation. Average mechanical allodynia data in the ipsilateral forepaw for sham (S), transection (T) and repair (R) groups after testing with von Frey filaments are presented. On day 2, there was a mild response in some of the sham group animals; no response was observed in the other treatment groups. These differences were not statistically significant. By day 7, the transection group showed significantly greater allodynia when compared to the repair group. No allodynia was observed in the sham group. Values are expressed as the mean ± SD. * Indicates p < 0.05.
spinal cord for the transection and repair groups but not the sham group. There was no difference in the total number of astrocytes between the transection and repair groups; however, the number of astrocytes with IL-1␤-positive staining was significantly higher in the transection group when compared to the repair group (Fig. 3) . On the contralateral side of the spinal cord, astrocytes activation was reduced in all three treatment groups.
Microglial response to nerve root injury
Significant microglial activation was only found in the ipsilateral dorsal and ventral horns of the transection group. There was a mild reaction in the repair group and almost no reaction in the sham group. There was no significant difference in microglial activation between the dorsal and ventral horns. Microglial activation on the contralateral side was approximately 50% less than that observed on the ipsilateral side (Fig. 4) .
Macrophages and motor neurons express
Arginase I
In the repair group, we observed many Arginase I (Arg I)-positive macrophages in the ipsilateral dorsal root entry zone with abundant translucent cytoplasm and a phagocytic appearance (Fig. 5, arrowhead) . No Arg I-positive macrophages were seen in the transec- tion or sham group. Although many neurons in the ipsilateral ventral horn were Arg I-positive in the repair group, very few Arg I-positive neurons were found in the transection group. There was a significant difference in the number of Arg I-positive macrophages and neurons between the repair group and either the sham or transection group.
Discussion
In the present study, we compared the inflammatory status of animals with C6-8 root transections on day 7 after surgery with or without surgical repair by a combination of aFGF and nerve grafts. Transections that were repaired with aFGF and nerve grafts showed significantly decreased microglial and IL-1␤-positive astrocyte reactions in the spinal cord. The repair strategy was also found to upregulate Arg I, an enzyme that favors the differentiation of macrophages toward an M2 phenotype and increases neuronal survival. As a result, animals in the repair group demonstrated less severe allodynia than those in the transection group.
In the transection group, allodynia was absent on day 2 but occurred on day 7 post-injury. This allodynia behavior was different than is seen with a single root transection at C7. With this type of injury, transient allodynia is observed at day 1 but disappears by day 7 post-surgery (Rothman et al., 2005) . These differences in allodynia onset in the single root injury model may be due to the presence of impulse transmission from neighboring afferents. In the present model, all roots responsible for the transmission of sensation in the forepaw were severed; therefore, no allodynia could occur at the early time point. In contrast, a single root transection at C7 is not sufficient to obliterate forepaw sensation because the C6 and C8 nerve roots remain intact, allowing the transmission of pain sensations. Similarly, allodynia is also observed in L5 root compression or L5 ligation models as early as 1 day after injury (Hashizume et al., 2000; Winkelstein et al., 2001; Winkelstein and DeLeo, 2002) , because sensory information can be transmitted through the neighboring L4 and L6 afferents.
To date, a number of treatment options have been tested to control neuropathic pain by targeting glia or cytokines. Therapies that specifically target microglia, such as minocycline (Rothman et al., 2009) , or antagonists, such as sTNFR and IL-1 ra , are able to attenuate allodynia but fail to abolish spinal microglial activation and proliferation. In contrast, in this study, we have shown that nerve grafts combined with the application of aFGF effectively decreases microglia activation. Given that microglial activation is recognized as an early injury response, the decrease in the number of microglia in the repair group may indicate that our treatment limits the extent of acute inflammation.
In addition to decreasing microglial activation, our treatment reduced IL-1␤ expression. IL-1␤ is secreted under conditions associated with pain (Watkins et al., 1995; Milligan et al., 2003) , and levels are known to increase continuously for at least 35 days in response to sciatic nerve injury (DeLeo et al., 1997) . IL-1␤ is also elevated in the cerebral spinal fluid of patients suffering from chronic pain (Alexander et al., 2005) . In this study, we showed that astrocytes are involved in the maintenance of IL-1␤ expression. The length of astrocyte activation has been shown to facilitate the development of neuropathic pain, especially when astrocytes are actively producing IL-1␤ (Wang et al., 2009) . Therefore, the decrease of IL-1␤ expression in astrocytes may decrease the occurrence of allodynia following cervical root transection injuries.
In our combined therapy, the nerve graft served as a nerve conduit to guide the regeneration of sensory axons into the spinal cord. These nerve grafts also provided a rich source of Schwann cells that are known to promote axon growth and nerve regeneration (Hall, 1986; Torigoe et al., 1996; Hoke et al., 2002) . Thus, nerve grafts aided in the reconstruction of normal axonal circuits in the dorsal horns. Derangement of sensory fibers in the dorsal horn is known to play a crucial role in the development of allodynia; therefore, the combined therapy used here is likely to decrease painful sensations.
We also observed a significant increase in the number of Arg I-positive M2 macrophages, in the repair group. Because the upregulation of Arg I limits nitrite oxide production (Chang et al., 1998) , Arg I expression may downregulate inflammation. We also observed a significant increase in the number of Arg I-positive neurons in the repair group. Arg I has been shown to inhibit neuronal apoptosis (Esch et al., 1998) , prevent neuronal dieback, and promote neuronal survival. Recently, we found that aFGF induced Th2 cytokine IL-4 expression and a sequential M2 marker of Arg I upregulation (Kuo et al., 2011) . Arg I can also upregulate the synthesis of polyamines that promote axonal regeneration in an inhibitory extracellular environment after injury (Gilad and Gilad, 1988; Cai et al., 2002) . Thus, the upregulation of Arg I after treatment may decrease inflammatory response, enhance neuronal survival, and encourage regeneration of sensory axons through the dorsal root entry zone, an inhibitory environment, into the dorsal horn and lead to the reestablishment of sensory circuits in the spinal cord. The decrease in inflammation and the reestablishment of sensory circuits can, in turn, decrease the occurrence of neuropathic pain.
The combination of nerve graft and aFGF might play a crucial role in maintaining Schwann cell-axon interactions. A recent study by Furusho et al. demonstrated that FGF signaling in non-myelinating Schwann cells is essential in maintaining the integrity of unmyelinated sensory axon. The disruption of FGF signaling resulted in sensory axon neuropathy and thermal pain sensitivity (Furusho et al., 2009) . Therefore, providing aFGF exogenously along with nerve grafts might be helpful in maintaining FGF signals and then beneficial for enhancing axon regeneration and decreasing pain sensation.
In conclusion, treatment of cervical root transection injuries with a combination of nerve grafts, aFGF, and fibrin glue can lead to decreased occurrence of allodynia and recovery of motor control and sensation. Although not conclusive, our study indicates that neuropathic pain caused by severe BPI maybe ameliorated by proper treatment in the acute stage following injury.
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